The mammalian respiratory system, consisting of both trachea and lung, initiates from the foregut endoderm. The molecular program that instructs endodermal cells to adopt the respiratory fate is not fully understood. Here we show that conditional inactivation of ␤-Catenin (also termed Ctnnb1) in foregut endoderm leads to absence of both the trachea and lung due to a failure in maintaining the respiratory fate. In converse, conditional expression of an activated form of ␤-Catenin leads to expansion of Nkx2.1, an early marker for the trachea and lung, into adjacent endoderm including the stomach epithelium. Analyses of these mutants show that the loss or gain of trachea/lung progenitor identity is accompanied by an expansion or contraction of esophagus/stomach progenitor identity, respectively. Our findings reveal an early role for ␤-Catenin in the establishment of respiratory progenitors in mouse foregut endoderm.
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FGF ͉ lung ͉ progenitor cells ͉ Wnt I nitiation of the respiratory system, namely the trachea and lung, is achieved in two steps: specification and morphogenesis. Specification is the process whereby respiratory progenitors become distinct from neighboring endodermal cells. In mouse, these progenitors reside in the ventral portion of the foregut tube adjacent to heart,and are first defined by their expression of the homeodomain-containing transcription factor gene Nkx2.1 (1, 2) . Following the emergence of these progenitors, morphogenesis ensues. Epithelium at the caudal portion of the respiratory primordium evaginates into the surrounding splanchnic mesenchyme, forming the primary lung buds. Shortly thereafter, epithelium at the rostral portion of the primordium separates from the dorsal foregut and develops into a tube, forming the trachea.
In recent years, the molecular program that controls trachea/lung specification and morphogenesis has begun to be elucidated in mouse. In vitro culture experiments show that signals emanating from the cardiac mesoderm induce trachea/lung specification (3). In particular, fibroblast growth factors (FGFs) from the cardiac mesoderm serve to pattern the adjacent endoderm in a thresholddependent manner. Cells closest to the cardiac mesoderm receive the highest amount of FGF signal and are induced to form trachea/lung. Cells positioned more caudally receive a lower amount of FGF signal and develop into the liver (4) . Finally, cells out of range of the signal adopt the pancreas fate as a default. FGF signaling also plays a critical role in lung morphogenesis. FGF10, one of the FGF family members, is expressed in the mesenchyme adjacent to the lung primodium and likely acts as a chemoattractant for the evagination of the primary lung buds (5, 6) . In support of this role, inactivation of either Fgf10, or its obligate receptor gene Fgf receptor 2 (Fgfr2, specifically splice variant IIIb) leads to a failure of lung budding even though respiratory specification occurs as indicated by the presence of the trachea (7) (8) (9) . Recent data suggest that Fgf10 expression in the mesenchyme is regulated by retinoic acid (RA) and transforming growth factor ␤ (TGF␤) signaling, implicating these pathways in trachea/lung initiation (10) .
WNT signaling has been shown to play key roles in lung development. Several WNT ligands are expressed in the developing lung, including the Wnt2 (also known as Wnt2a), Wnt2b (also known as Wnt13), Wnt5a, Wnt7b, and Wnt11 genes (5, (11) (12) (13) (14) (15) . These ligands have been shown to signal through different downstream pathways.
In this study, we will focus on the WNT/␤-Catenin (also referred to as canonical WNT) pathway where ␤-Catenin (also known as Ctnnb1-Mouse Genome Informatics) acts as a critical transcriptional mediator of WNT signaling (16) . Inactivation of ␤-Catenin in lung epithelium after lung budding leads to aberrant epithelial branching and proximal-distal patterning (17, 18) . Inactivation of ␤-Catenin in lung mesenchyme leads to decreased mesenchymal growth and a defect in endothelial differentiation (19, 20) . Finally, a recent study shows that inactivation of ␤-Catenin during trachea/ lung morphogenesis leads to shortening of the trachea and reduced lung size (21) .
Although multiple studies have demonstrated the requirement for ␤-Catenin at later stages of lung development, whether it is required for initiation of the respiratory lineage has not been directly addressed. In this study, we show that inactivation of ␤-Catenin in the ventral foregut endoderm results in absence of both trachea and lung. Analysis of this phenotype led to the conclusion that ␤-Catenin is not required for cell survival or proliferation, but rather is essential for maintaining the respiratory fate. Furthermore, we show that conditional activation of ␤-Catenin in the endoderm leads to expansion of the respiratory characteristics into the anterior stomach. Our findings suggest that ␤-Catenin promotes the respiratory identity in mouse.
Results
Inactivation of ␤-Catenin in Early Mouse Foregut Endoderm. To determine whether WNT/␤-Catenin signaling is active in mouse foregut during respiratory initiation, we examined the expression of a number of Wnt genes for their expression in the foregut region. Wnt2 has been shown to be expressed in lung mesenchyme at branching stages (22) . We found that at the budding stage, it is present in the mesenchyme adjacent to nascent lung buds ( Fig. 1 A-C), consistent with its earlier expression in the cardiac crescent next to the foregut (23) . To further address if WNTs including WNT2 lead to productive signaling in the foregut, we used an Axin2-lacZ transgenic line, a reporter strain for WNT activity (24) . We found that at embryonic day (E) 9.25 which is before lung initiation, ␤-galactosidase (␤-gal) activity is detected in the prospective respiratory region of Axin2-lacZ embryos (Fig. 1 D-F) . This result is consistent with observations made in other reporter strains of WNT activity shortly after lung budding (18, (25) (26) (27) (28) . Sections of Axin2-lacZ embryos show that ␤-gal activity is restricted to the ventral portion of the foregut which will form trachea/lung, but is absent in the dorsal portion, which will form the esophagus.
To investigate the requirement for WNT/␤-Catenin signaling in respiratory initiation, we disrupted ␤-Catenin function in foregut epithelium by conditional gene inactivation using Shh cre (29) . By mating Shh cre mice to R26R cre reporter mice (30), we found that This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option. 1 To whom correspondence should be addressed. E-mail: xsun@wisc.edu.
Shh cre is active in the foregut epithelium starting at the 16-somite (so) stage (ϷE8.75) ( Fig. 1 G and H) , before lung budding around the 27-so stage (ϷE9.5) (2). By E9.75, after lung budding and when most of the endoderm-derived primordia are identifiable, Shh cremediated recombination is detected in the endoderm of the trachea, lung, esophagus, stomach, intestine and isolated cells in the liver (Fig. 1 I-M) . Focusing on the foregut, its activity is widespread in trachea and lung, but restricted to the ventral portion of the esophagus and stomach.
By mating Shh cre mice to mice carrying a conditional knockout allele of ␤-Catenin (Ctnnb1 tm2.1Kem ) (31), we generated Shh cre/ϩ ; Ctnnb1 tm2.1Kem/tm2.1Kem (hereafter referred to as ␤-Cat cko , for conditional knockout) mutant embryos. In the foregut of these embryos, we found that ␤-Catenin protein is severely reduced in the ventral foregut epithelium by the 19-so (Ϸ9.0) stage, while it is clearly present in the dorsal foregut epithelium ( Fig. 1 N and O) . These data indicate that Shh cre is an effective tool for gene inactivation in the ventral foregut endoderm before lung budding.
Inactivation of ␤-Catenin Leads to Trachea and Lung Agenesis. Gross examination indicated that ␤-Cat
cko mutant embryos are missing lungs, while other endoderm-derived internal organs are present ( Fig. 2 A and B) . To determine whether the defect arises during lung initiation, we examined the expression of Nkx2.1, the earliest marker that labels both trachea and lung (1) . In normal embryos at E10.5, Nkx2.1 is expressed in the thyroid and pharyngeal pouches in addition to expression in nascent trachea and lung buds (Fig. 2C ).
In the ␤-Cat cko mutant foregut, Nkx2.1 remains expressed in the thyroid and pharyngeal pouches. However, expression is not detected in the trachea/lung region (Fig. 2D) . To address the possibility that this lack of expression is due to a general loss of the foregut epithelium at this stage, we examined the expression of Foxa1, a marker for endoderm-derived epithelial cells including those in the foregut. We detected Foxa1 expression in the mutant at normal intensity, suggesting that foregut epithelium is maintained ( Fig. 2 E and F) . Interesting, a majority of mutant samples exhibit an aberrant midline epithelial protrusion just anterior to the stomach (arrowhead in Fig. 2F ). Although this protrusion is found at the equivalent level of the lung buds, it does not express Nkx2.1 in E10.5 embryos. These data together indicate that inactivation of ␤-Catenin in the foregut epithelium leads to a specific loss of the respiratory primordium.
To address whether specification of respiratory progenitors ever occurs in the ␤-Cat cko mutant, we performed a time-course analysis of Nkx2.1 expression. We found that in the control foregut by RNA in situ hybridization, Nkx2.1 expression is not observed above background in the prospective respiratory region at the 16-so stage, but is clearly detected at the 18-so stage (ϷE9.0) (Fig. 2 G and I) .
In the ␤-Cat cko mutant, Nkx2.1 expression is first detected at approximately the same stage, albeit at lower intensity (n ϭ 3) (Fig.  2 H and J) . This lower level of expression persists at the 20-so stage, but is absent by the 22-so stage (n ϭ 3) (Fig. 1 K-N) . It is possible that the transient Nkx2.1 expression may be sustained by residual ␤-Catenin before its depletion in the ␤-Cat cko foregut by Shh cremediated recombination ( Fig. 1 N and O) . We speculate that earlier endoderm-specific inactivation of ␤-Catenin may lead to a complete failure in the specification of the respiratory fate. Regardless, our results from the ␤-Cat cko mutants suggest that while respiratory progenitors are first established, they are not maintained.
Cellular Mechanism Underlying Loss of Respiratory Progenitors.
To determine the mechanism underlying the failure to maintain respiratory progenitors, we first addressed whether it is due to an increase in cell death in the mutant foregut. By detecting dying cells with an anti-cleaved Caspase 3 antibody, we found that there was no increase in Caspase 3 staining in the mutant foregut epithelium either during specification (Ϸ19-21-so stage, n ϭ 3) or during lung budding (Ϸ28-so stage, n ϭ 3) (Fig. 3 A-D) . These data indicate that the loss of trachea/lung progenitors is not due to increased cell death.
We next investigated whether the failure to maintain respiratory progenitors is due to a decrease in cell proliferation. We examined this at the 22-so stage, shortly after the depletion of ␤-Catenin protein in the ␤-Cat cko mutant and when Nkx2.1 expression is first absent. By labeling cells in S-phase using BrdU incorporation, we found that there was no statistically significant difference in the percentage of BrdU positive cells in the mutant foregut epithelium compared to control (Fig. 3 E and F, 49 .4 Ϯ 1.1% in mutant vs. 57.0 Ϯ 5.5% in control, P ϭ 0.130). This result indicates that the loss of respiratory progenitors is not due to a decrease in cell proliferation at this stage.
To address whether the failure to maintain respiratory progenitors is due to a defect in preserving proper foregut patterning, we examined whether loss of the respiratory lineage is accompanied by other cell fate changes in the foregut. We assayed for the expression of esophagus/stomach marker SOX2 in the common foregut tube before the tracheo-esophageal separation, and compared it to the expression domain of NKX2.1. In E10.5 control, we found that SOX2 expression was restricted to the dorsal portion of the foregut in the prospective esophageal cells, separate from NKX2.1-expressing cells in the ventral foregut (Fig. 2G) . In E10.5 mutant, we found that accompanying the loss of NKX2.1 expression, SOX2 expression was expanded into the ventral foregut endoderm (Fig.  2H ). This concordant down-regulation of a trachea/lung marker and up-regulation of an esophagus/stomach marker supports the conclusion that the primary requirement for ␤-Catenin in the foregut epithelium is to maintain respiratory identity and proper foregut patterning.
FGF10 and Its Principal Receptor Remain Expressed in the ␤-Cat cko
Mutant Foregut. As genetic evidence demonstrates that FGF10 signaling via FGFR2 is essential for lung initiation (7-9), we sought to understand the relationship between WNT and FGF signaling in this process. We found that in ␤-Cat cko mutants at E10.5, Fgf10 remains expressed in separated lateral domains in the lung mesenchyme ( Fig. 3 I and J) , even though the two primary lung buds do not form. Recent studies show that at later stages of lung development during branching morphogenesis, ␤-Catenin is required for Fgfr2 expression in lung epithelium and mesenchyme (18, 20) . However, we found that FGFR2 protein is still present in the foregut endoderm of ␤-Cat cko mutants at E10.5 ( Fig. 3 K and L) , indicating that ␤-Catenin is not required for FGFR2 expression during lung budding. Our results suggest that ␤-Catenin likely acts independent of FGF10/FGFR2 signaling during lung initiation.
Ectopic Activation of ␤-Catenin Leads to Expansion of a Respiratory
Marker into the Anterior Stomach. The requirement for ␤-Catenin in maintaining the identity of respiratory progenitors led to the question of whether it is capable of inducing respiratory fate in other regions of the foregut. To address this question, we overexpressed an activated form of ␤-Catenin in the early endoderm. This is achieved by mating the Shh cre mice with mice carrying a conditional activated allele of ␤-Catenin, Ctnnb1 tm1Mmt (32) , generating Shh cre/ϩ ;Ctnnb1 tm1Mmt/ϩ (hereafter referred to as ␤-Cat act for activated mutation). It has been shown that cre-mediated recombination of the Ctnnb1 tm1Mmt allele results in deletion of the phosphorylation target sites in ␤-Catenin, leading to stabilization of the protein and dominant activation of the WNT/␤-Catenin pathway. We found that in ␤-Cat act embryos at E10.5, in addition to expression in the trachea and lung, Nkx2.1 expression is expanded into the anterior stomach (forestomach), but not the posterior stomach (glandular stomach) or more caudal regions of the endoderm (Fig.  4 A-D) . A recent study shows that WNT signaling in zebrafish foregut promotes the liver fate (33) . This led us to address if expression of activated ␤-Catenin in mouse would also lead to an expansion of the liver fate. We found that the expression of Hex, an early liver maker, remains restricted to the liver primordium in ␤-Cat act embryos at E10.5 ( Fig. 4 E and F) . This suggests that in the mouse foregut, activated ␤-Catenin can promote respiratory, but not liver identity.
To address if the expansion of Nkx2.1 expression domain in ␤-Cat act foregut is due to an increase in cell proliferation, we assayed for BrdU incorporation. We found that there is a slight decrease, rather than an increase, in the percentage of BrdU-positive cells in the ␤-Cat act mutant compared to control at E10.5 (43.7 Ϯ 5.3% in mutant vs. 57.6 Ϯ 4.4% in control, P ϭ 0.057), suggesting that the increase in Nkx2.1 expression domain is not likely a result of increased proliferation of respiratory progenitors. Similar to our analysis in ␤-Cat cko mutants, we then addressed the effect of activated ␤-Catenin on foregut patterning by examining SOX2 and NKX2.1 expression domains in ␤-Cat act mutants. We found that in transverse sections of E10.5 control embryos at the level of anterior stomach, SOX2 is expressed in the entire circumference, while NKX2.1 is not expressed (Fig. 4G) . However, in E10. of SOX2 expression in this region (Fig. 4H) . Interestingly, expression of activated ␤-Catenin does not lead to lung budding morphogenesis in the stomach region. Nor does activated ␤-Catenin lead to a full transformation of the anterior stomach into lung, as the expression of surfactant C (Sftpc) gene, a marker for differentiated type II pneumocytes, is not detected in the ␤-Cat act anterior stomach. Nevertheless, the ectopic expression of NKX2.1 in the anterior stomach and concordant downregulation of SOX2 suggests that activation of ␤-Catenin can impose respiratory progenitor property to foregut epithelium outside of the trachea/lung region.
Discussion
Genetic evidence from both the ␤-Cat cko and ␤-Cat act mutants establishes ␤-Catenin as a key player responsible for initiating the respiratory development program. We show that respiratory progenitor identity is not maintained in ␤-Cat cko mutants, while it is ectopically induced in ␤-Cat act mutants. Neither of these phenotypes can be explained by changes in cell proliferation and/or cell survival in these mutants. Rather, the coordinated up or down-regulations of NKX2.1 versus SOX2 in the early foregut endoderm of these mutants support a role of ␤-Catenin in controlling the balance between the respiratory (trachea/lung) versus digestive (esophagus/stomach) progenitor identities.
This role is consistent with the function of ␤-Catenin in adult lung stem cells in mice. Recent studies show that conditional activation of ␤-Catenin in adult lung epithelium leads to an increase in bronchioalveolar stem cell (BASC) number (34, 35) . Further analysis of these adult mutant lungs show that there is no change in cell proliferation that would account for the phenotype, similar to our finding in ␤-Cat act embryonic foregut. Rather, the increase of BASCs in the adult mutant lungs is due to the ability of ␤-Catenin in maintaining these cells in the progenitor state (34) . This finding and our data together suggest that ␤-Catenin promotes respiratory progenitor characteristics both during lung initiation in the fetal lung and in stem cell maintenance in the adult lung.
In addition to being a key mediator of canonical WNT signaling, ␤-Catenin has also been implicated in cell adhesion events independent of WNT signaling (36) . Although our data do not exclude the possibility that ␤-Catenin functions outside of the WNT pathway to promote respiratory progenitors, three lines of evidence suggest that ␤-Catenin likely acts as a WNT mediator in this process. First, we and others have found that Wnt2 and Wnt2b are expressed in the mesenchyme adjacent to the respiratory primordium ( Fig. 1 A-C) (15, 23) . Second, we show that Axin2-lacZ, a WNT reporter, is active in the ventral foregut (Fig. 1 D-F) , possibly as a result of WNT2/2b signaling. This result indicates that canonical WNT signaling is active in the prospective respiratory region. Third, recent data from Dr. Morrisey's laboratory show that mice homozygous for null alleles of both Wnt2 and Wnt2b exhibit a specific loss of trachea/lung, resembling the phenotype in ␤-Cat cko mutants (personal communication). These data together suggest that WNT2 and WNT2b likely function through ␤-Catenin to promote respiratory progenitor identity in the foregut endoderm.
This role of WNT/␤-Catenin signaling is unexpected based on recent findings from zebrafish and Xenopus studies. In zebrafish, it was shown that a mutation in Wnt2b leads to a delay/reduction in liver specification with no other morphological defects (33) . Our conditional ␤-Cat cko mutants do not allow us to address the requirement for ␤-Catenin in liver specification in mouse, as Shh cre only recombines in sporadic cells in the liver (Fig. 1J) . However, in Wnt2;Wnt2b null mutants (E. Morrisey, personal communication), the liver is present, even though trachea and lung are absent. This result indicates that in the mouse foregut, WNT2 signaling is required for the establishment of the respiratory, but not the liver lineage. Furthermore, in our ␤-Cat act mouse mutants, the liver marker Hex is not ectopically expressed as a result of ␤-Catenin activation, unlike Nkx2.1. These data suggest that in the mouse foregut, WNT/␤-Catenin signaling promotes respiratory, but not liver fate. We speculate that the differences in the findings from mouse and zebrafish may be due to distinct requirements for ␤-Catenin in the foregut of these organisms. Previous studies show that RA signaling is essential for specifying the pancreas in zebrafish, but not in mouse (37) (38) (39) , providing precedence that there are species-specific requirements in the molecular mechanisms essential for organ initiation.
Findings from a recent Xenopus study also appear to differ from our results in mice. In Xenopus, it was shown that WNT-induced activation of ␤-Catenin signaling in the endoderm leads to reduction of markers for all foregut organs including the lung, liver and pancreas (40) . This result is different from the phenotype in ␤-Cat act mouse mutants, and could reflect species-specific control of organ formation. An alternative explanation is that ␤-Catenin may play different roles at distinct stages of lung development. In the Xenopus study, ␤-Catenin activation is induced at the gastrula stage during the emergence of the endoderm. However in our study, we manipulate ␤-Catenin function after the establishment of foregut endoderm. At an even later time window during lung branching morphogenesis, overexpression of a constitutively active ␤-CateninLef1 fusion protein leads to transformation from lung to intestinal fates (26) . This finding further supports context-dependence of ␤-Catenin function in the foregut.
Our data also emphasize the view that this crucial contribution of ␤-Catenin to respiratory development is dependent on additional players in the foregut. Results from ␤-Cat act mutants show that activated ␤-Catenin induces Nkx2.1 in the anterior, but not posterior stomach. This boundary coincides with many molecular and cellular differences that have been documented in these two regions of the stomach (41) , and suggest that some of these differences may account for distinct responses to activated ␤-Catenin protein.
Furthermore, in the anterior stomach of ␤-Cat act mutants, even though activated ␤-Catenin induces respiratory progenitor characteristics, it does not direct later steps of lung development, including lung budding morphogenesis and epithelial differentiation. It is likely that additional obligatory partners in the endoderm and/or signals from the mesenchyme are required to implement the remainder of the respiratory program. For example, FGF10 signaling is essential for lung budding morphogenesis (8, 9) . Fgf10 is expressed at a low level in the anterior stomach compared to surrounding regions of the mouse foregut (42) . This raises the possibility that in the anterior stomach of ␤-Cat act mutants, the amount of FGF10 present may not be sufficient to drive budding following ectopic induction of Nkx2.1. Our findings that ␤-Catenin is capable of inducing early respiratory progenitor identity, and is required to maintain this identify demonstrate that ␤-Catenin functions at or near the top of the genetic hierarchy that executes the lung development program. Thus discovery and characterization of the partners and targets of ␤-Catenin in the context of respiratory initiation will be an informative future direction of research.
guishable from wild-type embryos, they were used as controls for respective ␤-Cat cko or ␤-Cat act experiments. To assay for cre activity through ␤-gal expression, the R26R reporter line (30) was introduced into the background of the Shh cre line (29) . ␤-gal activity was detected using a standard protocol. Stained embryos were embedded in JB-4 plastic resin (Polysciences Inc.) according to the manufacturer's instructions. Sections were prepared at 5 m and counterstained with 1% eosin. Whole-mount in situ hybridization using digoxigenin-labeled RNA probes was performed as previously described (43) .
To determine the extent of ␤-Catenin inactivation, immunofluorescence staining was performed using a mouse anti-␤-Catenin antibody (BD Transduction Laboratories, 1:50 dilution) on paraffin sections (5 m). Mouse-on-Mouse reagent (Vector Laboratories) was used in the blocking step before addition of antibody. Sections were counterstained with DAPI to label cell nuclei. To determine the extent of programmed cell death in the foregut epithelium, immunofluorescence staining was performed using a rabbit anti-cleaved Caspase-3 antibody (Cell Signaling, 1:500 dilution) to label dying cells and a rat anti-E-Cadherin antibody (Sigma, 1:500 dilution) to label the epithelium. To determine foregut patterning, immunofluorescence staining was performed using a mouse anti-NKX2.1 (also called anti-TTF1, clone 8G7G3/1, Neomarkers, used at 1:100 dilution) and a rabbit anti-SOX2 (Novus Biologicals, used at 1:1,000 dilution) on paraffin sections. To determine FGFR2 expression, a rabbit anti-FGFR2 antibody (Santa Cruz Biotechnology) was used at 1:100 dilution. Staining was performed using a recently described protocol (44) .
Cell Proliferation Assay. Pregnant females received an i.p. injection of 100 g BrdU (Sigma) per gram bodyweight 1 h before sacrifice. Embryos were fixed, processed and stained as described above. After immunostaining, slides were counterstained with DAPI. For each 20ϫ field of view, the number of BrdU ϩ nuclei relative to the number of nuclei in the foregut endoderm was calculated. The percentage BrdU ϩ nuclei between control and mutant was compared using the Student's t test. Results were considered statistically significant if P Յ 0.05.
